Heavy quarks are initially produced in nuclear collisions and the number is conserved during the evolution of the system. We establish a sequential coalescence model with charm conservation and apply it to charmed hadron production at RHIC and LHC energies. The charm conservation enhances the earlier formed hadrons and reduces the later formed ones, which leads to a Ds/D 0 enhancement and a Λc/D 0 suppression. The mass dependence of the sequential hadron formation provides us a new tool for studying the quark-gluon plasma hadronization in high energy nuclear collisions.
Heavy quarks are initially produced in nuclear collisions and the number is conserved during the evolution of the system. We establish a sequential coalescence model with charm conservation and apply it to charmed hadron production at RHIC and LHC energies. The charm conservation enhances the earlier formed hadrons and reduces the later formed ones, which leads to a Ds/D 0 enhancement and a Λc/D 0 suppression. The mass dependence of the sequential hadron formation provides us a new tool for studying the quark-gluon plasma hadronization in high energy nuclear collisions.
PACS numbers: 25.75.-q, 21 .65.Qr, 12.39.Pn There are two sources of parton production in high energy nuclear collisions, the initial production and thermal production. Since the charm quark mass m c ∼ 1.2 GeV is much larger than the typical temperature of the fireball formed in nuclear collisions at RHIC and LHC energies, the thermal charm quark production is weak and can be safely neglected [1] . Therefore, the charm quark number N c is controlled only by the initial condition and conserved during the evolution of the system. Considering that N c is very small in comparison with the number of light quarks, the charm conservation is expected to strongly affect the charmed hadron production in nuclear collisions [2] [3] [4] .
The question is how to realize the charm conservation in the hadronization process of the quark-gluon plasma in heavy ion collisions. With the expansion of the colliding system, the plasma temperature drops down continuously and reaches finally the critical temperature T c of the deconfinement where light quark hadronization happens. Since the hadrons containing heavy quarks are with larger binding energy, they can survive at higher temperature, namely the heavy quark hadronization happens before the light quark hadronization. This quark mass dependence of the hadronization temperature, in other words the hadron dissociation temperature, can be calculated with potential models. For instance, the J/ψ dissociation temperature T J/ψ is much higher than that for light hadrons [5, 6] , and the Υ dissociation temperature T Υ is even higher [7] . The hadronization sequence is also supported by the evidence of early multistrange hadron freeze-out in high energy nuclear collisions [8] . In the picture of sequential hadronization, the charm conservation effect on hadron production becomes clear: the later formed charmed hadrons are relatively suppressed with respect to the earlier produced ones. For charm-strange hadron production, the charm conservation effect will be further amplified by the strangeness enhancement [9, 10] . Since charmstrange hadrons like D + s are formed earlier than normal charmed hadrons like D 0 , the enhanced D s production, due to strangeness enhancement, will naturally lead to a suppression of D 0 . As a result, the ratio of
0 enhancement is recently observed in heavy ion collisions at RHIC [11] and LHC energies [12] .
In this Letter we investigate the effect of charm conservation on hadron production in a sequential coalescence model. The coalescence mechanism is successfully used to describe hadron distributions in heavy ion collisions, like the quark number scaling law of hadron collective flow [13] , the enhancement of baryon to meson ratios [14, 15] , and the yield enhancement and elliptic flow of charmed hadrons [16] [17] [18] [19] . We will first solve the two-body Dirac equation with lattice simulated quark-antiquark potential to determine the coalescence temperatures for charmed mesons. From the hydrodynamic equations for the evolution of the fireball, we further obtain the hadron coalescence times. We then calculate the charmed hadron spectra in the sequential coalescence model with charm conservation.
The two-body Dirac equation of constrained dynamics was successfully applied to the relativistic description of light meson spectra [20] in vacuum and extended to hidden [6] and open [21] charmed mesons at finite temperature. For a general bound state cq with q = u, d, s, c, the radial motion of the spin singlet u 0 and triplet u 0 1 , u ± 1 relative to the center of mass is characterized by the coupled equations [20, 21] , [6, 20] . For a pair of charm quarks at finite temperature, the free energy F cc is calculated by lattice simulation [22] and it can be considered as the potential V cc [23] . Taking V (r, T ) = V cc (r, T ), the quark masses in the Dirac equations (1) [20] .
By solving the coupled dynamical equations (1) we obtain the charmed meson binding energy (T ) and the radial wave function ψ(r, T ) = u(r, T )/r from which the averaged meson size is calculated r (T ) = drr
The two-body Dirac equations are for charmed mesons. For charmed baryons like Λ c , Σ c , Ξ c and Ω c , it becomes difficult to solve the corresponding three-body Dirac equations [24] and extract the dissociation temperatures. Taking into account the relation VV/2 between quark-quark and quark-antiquark potentials, it is clear that the dissociation temperature for charmed baryons should be lower than that for charmed mesons. By solving the non-relativistic three-body Schrödinger equation for triply charmed baryon Ω ccc , the dissociation temperature is only slightly above T c [19] . Since the effect of charm conservation on hadron production depends mainly on the sequence of productions, we take simply the dissociation temperature as T c for all singly charmed baryons.
The quark matter created in high energy nuclear collisions is very close to an ideal fluid and its space-time evolution is controlled by the hydrodynamic equations ∂ µ T µν = 0 with T µν being the energy-momentum tensor of the system. To close the hydrodynamics, we take the equation of state of the hot medium with a first order phase transition between the ideal quark matter and hadron gas at T c = 165 MeV [25] . The initial condition at time τ 0 = 0.6 fm/c [26] is determined by the colliding energy and nuclear geometry, which leads to a maximum initial temperature T 0 = 320 MeV in central Au+Au collisions at √ s N N = 200 GeV [27] and T 0 = 485 MeV in central Pb+Pb collisions at √ s N N = 2.76 TeV [26] . By solving the hydrodynamic equations, one obtains the local temperature T (x) and fluid velocity u µ (x). During the evolution of the quark matter, the temperature continuously drops down due to the expansion of the system. When the temperature reaches the dissociation temperature T h for a kind of charmed hadrons, they are produced via coalescence mechanism on the hyper surface τ h (x) controlled by the condition T (x, τ h ) = T h . The time evolution of the temperature at the center of the fireball in centra Pb+Pb collisions at LHC energy and the corresponding coalescence times τ D Fig.1 . It is clear to see a sequential coalescence for charmed hadrons.
We now take the sequential coalescence mechanism with charm conservation to calculate the charmed hadron spectra. The observed momentum distribution in the final state can be written as [28] 
where the integration is on the coalescence hypersurface 
The hadron coordinate x and momentum p are associated with the constituent quark coordinates x i and momenta p i via a Lorentz transformation [19] . The constant c is the statistical factor to take into account the inner quantum numbers in forming a colorless hadron, which is 1/12 for D W h in the hadron spectra (2) is the Wigner function or coalescence probability for n quarks to combine into a hadron. It is usually parameterized as a Gaussian distribution and the width is fixed by fitting the data in heavy ion collisions [28] . In our calculation here, however, the Wigner function in center of mass frame for a charmed meson is directly from the wave function Ψ(z) = ψ(r)Y (Ω) where the radial part ψ(r) is the solution of the Dirac equations (1),
As for charmed baryons Λ c , Σ c , Ξ c and Ω c , we still take a Gaussian distribution [3] and the width is related to the mean radius of the baryon. We take r ≈ 0.9 fm [29] at the coalescence temperature for all singly charmed baryons. f i in the spectra (2) are the distribution functions of the constituent quarks. The light quarks u and d are thermalized and take equilibrium distribution f th (x i , p i ) = N i /(e uµp µ i /T + 1) with the degenerate factor N i = 6 and local velocity u µ (x i ) and temperature T (x i ) on the coalescence hyper surface. The strangeness enhancement, due to the thermal production in quark matter via for instance the gluon fusion process gg → ss, was observed in heavy ion collisions and has long been considered as a signal of the quark matter formation [10] . Considering that strange quarks may not reach a full chemical equilibrium at RHIC energy, their thermal distribution is multiplied by a fugacity factor γ s = 0.85 at RHIC and γ s = 1 at LHC.
Initially created charm quarks interact with the hot medium and loss energy continuously. At the coalescence time, f c is in between two limits: the perturbative QCD limit without any energy loss and the equilibrium limit with full charm quark thermalization. From the experiment observation of D meson elliptic flow [30] , the slowly moving charm quarks may have reached thermalization at the coalescence time. We take, as a first approximation, a linear combination of f pp and f th as the charm quark distribution, f c (x i , p i ) = ρ c (x i )[αf th (p i ) + βf pp (p i )], where both f pp and f th are normalized distributions and f pp (p) can be extracted from PYTHIA simulation for p+p collisions [31] . The coefficients α and β satisfy the constraint α + β = 1, and their values control the degree of thermalization of charm quarks. The perturbative limit and thermal equilibrium limit correspond respectively to (α, β) = (0, 1) and (α, β) = (1, 0). Considering the continuous thermalization of charm quarks and sequential coalescence of charmed hadrons, we take (α, β) = (0.4, 0.6) for D 
where T A and T B are thickness functions of the two colliding nuclei [33] , b is the impact parameter of the collision, and the rapidity distribution of charm quarks in p+p collisions is taken as dσ cc pp /dη = 340 µb at RHIC energy [34] and 1.2 mb at LHC energy [35] . The fraction r(τ ) describes the charm conservation during the sequential coalescence,
where
In usual coalescence models, all the charmed hadrons are simultaneously produced at the phase boundary, it is then difficult to distinguish the charm fractions for different charmed hadrons. To simplify the calculation, we did not consider here the coalescence for doubly and triply charmed hadrons, since their production is much weaker than the singly charmed hadrons.
To compare our calculation with the prompt data measured in heavy ion collisions, we should consider the decay from excited states to the ground state after the sequential coalescence ceases. From the experimental data in p+p collisions [36] , the decay contribution to D 0 includes 100% of D * 0 and 68% of D * + , and the decay to D [11] and ALICE [12, 39] Collaborations, the dotted line is the PYTHIA simulation for p+p collisions [11] , and the solid and dashed lines are respectively our sequential and simultaneous coalescence calculations with centrality 10 − 40% at RHIC and 0 − 10% at LHC.
To see clearly the effect of charm conservation, we show in Fig.3 the calculated yield ratio D + s /D 0 . In comparison with the p+p collisions (PYTHIA simulation at RHIC and data at LHC), the ratio in A+A collisions is significantly enhanced. The first idea coming to our mind for this enhancement is the D s enhancement due to the strangeness enhancement in quark matter. For instance, the ratio at RHIC can increase from the PYTHIA value ∼ 0.15 to 0.2 − 0.3 due to the strangeness enhancement [9] . We calculated the ratio in two cases: One is in the sequential coalescence with charm conservation (solid lines) and the other is with a simultaneous coalescence with the charm fraction factor r = 1 for all charmed hadrons (dashed lines). In the sequential coalescence, both the strangeness enhancement and the charm conservation are responsible for the ratio enhancement. The earlier D [40] and ALICE [41] collaborations, the dotted line is the PYTHIA simulation for p+p collisions [42] , and the solid and dashed lines are respectively our sequential and simultaneous coalescence calculations with centrality 10 − 80% at RHIC and 0 − 10% at LHC.
We now turn to the charmed baryon production. Fig.4 shows the yield ratio Λ + c /D 0 at RHIC and LHC energies. Considering the difference in statistics for two-and three-body states shown in the hadron spectra (2), the baryon to meson ratio in A+A collisions is dramatically enhanced in comparison with p+p collisions in coalescence models [14, 15] . For charmed hadron production, however, the big difference between the charm quark number fraction r 0.6 for Λ c and r 0.9 for D 0 strongly weakens the baryon to meson ratio, see the difference between the sequential coalescence with charm conservation (solid lines) and simultaneous coalescence with the same fraction r = 1 for all the charmed hadrons (dashed lines). The bottom quark number conservation is even better satisfied in heavy ion collisions, and the above sequential coalescence model can be directly extended to bottomed hadron production. We calculated the yield ratioB In summary, we established a sequential coalescence model with charm conservation and applied it to charmed hadron production in high energy nuclear collisions. By solving the two-body Dirac equation for charmed mesons and hydrodynamic equations for the medium, the sequence of charmed hadron formation is determined. Mesons with charm and strange quarks are formed earlier and enhanced in yields in comparison with those with charm and light quarks. Our results on D s /D 0 and Λ c /D 0 are consistent with most recent experimental findings. The same argument applies readily to bottomed hadrons. Due to heavier masses, the estimated effect is found to be even stronger. These predictions shall be tested by future experiment data. More interestingly, our results imply that the hadron yields depend on the mass and distributions of partons understudy. The mass dependence of sequential heavy-quark hadron formation via coalescence provides a unique window for analyzing the quark-gluon plasma hadronization in high energy nuclear collisions.
